Introduction 32
Within-cave monitoring of climate, hydrology and drip water biogeochemistry is recognised by the 33 speleothem paleoclimate research community as being essential to the understanding of 34 speleothem proxy records. Numerous both monitoring and modelling approaches (for example, Treble et al., 2013) . However, to date 37 these research efforts have been mostly focussed on understanding processes relevant to 38 temperate, sub-alpine and alpine caves. This bias has been predominantly due to the ease of access 39 of cave sites, and the location of cave research groups, rather than the lack of importance of 40 monitoring studies that would be relevant to speleothem records in semi-arid to arid climates. 41
42
The most widely used speleothem paleoclimate proxy is  The occasional rainfall events in a semi-arid climate will infiltrate the soil, leaving an isotopic 48 signature of the precipitation event. Subsequent evaporation leads to a soil water isotope profile 49 that is exponential in profile and isotopically enriched towards the surface. However, as evaporation 50 is the dominant soil hydrological process, the soil volumetric water content is low as water is lost by 51 evaporation. Therefore, on the occasions where the soil moisture deficit is exceeded and 52 groundwater recharge occurs, it is likely that 'old' and isotopically enriched soil water is 53 volumetrically small compared to the event water, and therefore water infiltrating to the vadose 54 zone is likely to have negligible water isotopic enrichment. In contrast to the relatively well 55 understood soil water isotope processes, there are almost no studies that have investigated water 56 isotope processes in the vadose zone in semi-arid to arid environments. In karst systems, Ingraham 57 et al (1990) is a lone study that investigates the water isotopic composition of pool waters in the 58
Carlsbad cave system of New Mexico, USA, to help constrain evaporative water fluxes within the 59 cavern. 60
61
Here we report the results of a two-year drip water and rain water isotope monitoring study from 62
Cathedral Cave at Wellington, New South Wales, Australia. Mean annual precipitation is 619 mm 63 and evaporation is 1825 mm ; recorded at the nearby Wellington Research 64
Centre, Australia Bureau of Meteorology). At this site ET>>P and so the processes inferred from our 65 monitoring of drip water isotopic composition are most relevant to semi-arid and arid climate 66 regions. Additionally, we utilize the monitoring results to constrain a modified soil moisture balance 67 model. Extending the approach of Cuthbert et al (2013), we add a soil and groundwater isotope 68 component to understand the processes controlling drip water isotopic composition at our site. 69 70
Methods and Site Description 71

1 Site background 72
Our monitoring and modeling experiment was undertaken at Cathedral Cave in Wellington, New 73 South Wales, Australia (32 37'S; 148 56'E) (Figure 1 ). The cave entrance, at 325.16 m elevation, is 74 situated close to the top of a north-south trending ridge formed from Devonian Garra Formation 75 limestone. To the west of this ridge, at an elevation of c. 300m, are the alluvial gravels of the Bell 76
River. The geomorphology of the cave has been extensively researched (Osborne et al 2007) and is 77 primarily orientated along the direction of jointing (150°), and contains abundant evidence of 78 hypogene formation processes, arguably typical of many caves in SE Australia (Osborne et al., 2010 79 The cave descends approximately 25m from the entrance to the end of the cave, where the cave is 80 flooded as it intercepts the local groundwater at The Well (Figure 1 ). Groundwater is observed at an 81 elevation of between 280-300m asl, depending on antecedent climate conditions. The cave is 82 overlain by degraded box grass woodland, with bare soil and sparse tree cover (Blyth et al., 2014) . 83
84
Our observations of the cave climatology are consistent with its morphology, which is a descending 85 dead-end cave. Two entrances, located at the same elevation in the entrance series, could lead to 86 limited ventilation in that part of the cave. Air exchange close to the entrance would also be 87 expected through pressure and density effects on both the cave air and groundwater level. been recorded using a Campbell HMP155A over short campaigns and was observed to be constant 93 at 97% at Site 2 (Jan-Feb 2014), consistent with the presence of an adjacent groundwater body, and 94 variable from 73-93% at site 1, consistent with ventilation within the entrance series. Within cave 95 evaporation has been measured by measuring the volumetric water loss of 50ml water placed in 96 petri dishes: at Site 1, average evaporation was 0.14 mm/d (over the period 7-15 January 2014) and 97 0.08 mm/d (15 January -6 March 2014) and at Site 2 was 0.004 mm/d (15 January -6 March 2014). 98
99
The cave has been a focus of long-term hydrogeological monitoring by the investigators, 100 commencing in 2009 and continuing, primarily using a network of in-situ Stalagmate © drip loggers. 101
Jex et al (2012) describe drip water patterns and processes within the cave for a spatially dense 102 network of drip-collection sites: it is a subset of drip waters from this network at Site 2 which are 103 investigated here. Mariethoz et al (2012) Figure 1) ; five (sites 279, 280, 372, 395 and 396) were part of the network described by Jex et al. 114 (2012) . Isotope water samples were collected via funnels connected to 500ml or 1l HDPE bottles. 115
Paraffin was placed in the bottles as a precaution to prevent evaporation within the bottles. 116
Evaporation could be possible anywhere prior to collection, although our within-cave relative 117 humidity measurements suggest that this is unlikely to occur within the cave at Site 2. Bottles were 118 changed monthly, with fresh paraffin added, and an integrated 30 ml water sample transferred to 119 sealed glass McCartney bottles with no headspace to prevent evaporation whilst in storage. These 120 bottles were then stored until analysis, which occurred within two months. Water samples were 121 collected at monthly intervals from March 2011 to March 2013. 122 123 Drip rates were monitored using a network of twenty-six Stalagmate © drip loggers in South Passage 124 (Site 2) and a further four drip loggers situated closer to the surface (Site 1, including site 326 of Jex 125 et al., 2012) . This is the expanded network referred to by Jex et al (2012) . Our intention was to 126 measure the infiltration rate using Stalagmate © drip loggers for all isotope sample sites, but our 127 monthly sampling frequently disturbed the drip logger alignment, and only seven of our fifteen 128 isotope sample sites had reliable drip data. Drip rate data are presented in Table 1 were assigned isotopic compositions based on the measured monthly values and the soil store was 183 assumed to be fully mixed. The soil store (S1) evolved through time (t, in increments of Δt =1 day) 184 according to the following mass balance equation: 185
S1 t+Δt = S1 t + (RF t -AE t -Rch t ).Δt (5) 186
where S1 t and S1 t+Δt is the amount of water in the soil store (S1) in mm at times t and t+Δt 187 respectively. Using the suffix δ to represent δ 18 O isotope compositions (per mil), the soil store 188 isotopic composition was governed by the following equation: 189
S1δ t+Δt = (S1δ t .(S1 t -(AE t + Rch t ).Δt)+ RFδ t .RF t Δt)/S1 t+Δt (6) 190
where S1δ t+Δt and S1δ t . are the isotopic compositions of the soil store (S1) at time t and t+Δt 191 respectively and RFδ t .is the isotopic composition of the rainfall at time t. 192
The model does not include isotopic fractionation in the soil zone for two reasons. The attenuation and isotopic evolution of the groundwater chemistry due to evaporation was then 206 modelled by using a second store (S2, S2δ with initial values S2 0 and S2δ 0 respectively). This filled 207 from above with water leaving the soil as groundwater recharge, lost mass due to evaporation which 208 was assigned a constant value, and drained exponentially using a recession constant (τ) to simulate 209 drip water volume and δ
18
O to the deeper karst system (Dr, Drδ) as follows: 210
S2 t+Δt = S2 t + (Rch t -E -Dr t ).Δt (7) 211
with Dr t = τ.S2 t.
(8) 212
The isotopic composition of the karst store (and any water leaving the store to become drip water) 213 was assumed to be governed by a simple mass balance if the depth of water in the store was greater 214 than a threshold value (S2 lim ): 215
S2δ t+Δt = (S2δ t .(S2 t -(Dr t +E).Δt)+ S1δ t .Rch t .Δt)/S2 t+Δt (9) 216
However, if S2 t <S2 lim then it was assumed, following Gonfiantini (1986, Eq.7, p117) , that an 217 evaporative process in the shallow karst was of the form as follows: 218
S2δ t+Δt = (S2δ t -m).f n + m (10) 219
Where m and n are empirical constants to be determined from model calibration, and f is the 220 proportion of water left in the store since the level fell below the threshold amount. O and a mean composition that is heavier than the 339 weighted mean of precipitation. It can be hypothesized that these sites have a relatively 340 homogenized water source that has undergone isotopic enrichment. Only one such sample is 341 present in our monitoring network, Site 319 (Figure 5, 6) . 342
343
Combined isotope and drip rate data demonstrate that the drip water isotopic composition can be 344 explained by the following processes: 345 1) A flow path where the resultant drip water has an initial isotopic composition that reflects 346 the previous infiltration event, and which becomes increasingly isotopically heavy over time 347 but falls on the LMWL. We hypothesise that this is water stored within the shallow 348 unsaturated zone in which evaporation occurs, as observed in laboratory environments (e.g. 349
Ingraham and Criss, 1993). The evaporation has to occur in an environment where RH>95%, 350 which enriches the isotopic composition close to the LMWL (Gonfiantini, 1986) . For this to 351 occur, the store has to be near-surface, to experience diurnal temperature changes 352 necessary for continued evaporation. While allowing sufficient vapour transport to keep 353 driving the evaporative process, it must also be relatively enclosed to permit continual 354 drainage of evaporated (increasingly enriched) water whilst maintaining a high humidity. Table 2 . 378
379
The model is able also to simulate the observed patterns and magnitudes of the drip water isotopic 380 composition using the parameters given in Table 2 and Figure 5 . The set of physically plausible 381 models, despite being 'free' to vary within the entire range of observable drip composition for Types 382 1 to 3 identified above, included no models which consistently maintained 
O values as low as Site 383
319, of Type 3. This suggests that the 'single karst store' model structure works well for Types 1 and 384 2 thus supporting our conceptual model. For Type 3, a mixed source of water is needed, derived 385 from more than one store and so to successfully simulate such siteswould require a modification of 386 the existing numerical model to a more complex model structure. 387
If the karst evaporative process is 'switched off' (Figure 7 ) the modeled isotopic drip water reverts to 389 lighter values which vary little from the mean rainwater isotopic composition. This shows that the 390 observed drip water isotopic variations cannot simply be explained by transformation of the input 391 precipitation signal using a standard model of soil and shallow karst processes. It is thus strongly 392 indicative of evaporative equilibrium fractionation (i.e. at conditions >95% RH) in the karst being the 393 dominant mechanism controlling the observed isotopic drip water compositions. Although the 394 evaporative process is modeled empirically it has a sound theoretical basis with Equation 10 being of 395 the form suggested by Gonfiantini (1986, Eq.7, p117) . In the present case the variable f changes not 396 only due to evaporative loss but also due to drainage from the karst store. Hence, a direct 397 comparison between our parameters n and m, and Gonfiantini's A and B parameters cannot be The way the model is structured, the rate of fractionation is explicitly dependent on the fraction of 415 water remaining in a shallow karst store. However, since the modeled drip rates are directly 416
proportional to the size of this store (via the recession constant), the fractionation is thus also 417 proportional to the drip rate, below a threshold value. Such a flow rate-dependent evaporative 418 process has recently been directly observed during film flow over a speleothem-forming feature in 419 the shallower part of the Cathedral Cave system (Cuthbert et al., in review). This could also be 420 responsible for the fractionation observed in the deeper South Passage samples reported here. 421
Furthermore, additional evaporative fractionation could occur within the cave passage, especially at 422 low drip rates, either on the stalactite or on the sample collection bottle prior to collection below 423 the paraffin seal (Dreybrodt and Deininger, 2013). However, the high relative humidity in South 424
Passage, and lack of observed relationship between drip rate, drip classification and oxygen isotopic 425 composition, suggests that these effects would be limited, at least at site 2. Groundwater recharge in semi-arid environments is episodic; the initial isotopic composition of 460 recharge reflects the isotopic composition of the few rainfall events which are large enough to 461 overcome existing soil moisture deficits. This initial isotopic composition may be affected by 462 subsequent evaporation. At our monitoring site, observed drip waters had a mean 
18
O up to 2.77‰ 463 heavier than the weighted mean of precipitation. Here, evaporation from a partially air-filled water 464 store in a high humidity environment is an important process. Our modelling approach 465 demonstrated that this isotope enrichment had to include evaporation from a shallow subsurface 466 karst water store, such as a solutionally widened fracture or proto-cave. The degree of enrichment 467 would be site specific, and dependent on the relative size of the store and its climatic properties 468 (temperature variability, relative humidity), its drainage rate and the time between infiltration 469 events. We have identified and modelled unsaturated zone evaporation as an important process in 470 determining infiltration water 
O for the first time. We propose that at other caves in semi-arid to 471 arid regions, evaporation will also be a likely source of isotope enrichment, but this requires 472 confirmation. 
